The ERK pathway responds to extracellular stimuli and oncogenes by modulating cellular processes, including transcription, adhesion, survival, and proliferation. ERK has diverse substrates that carry out these functions. The processes that are modulated are determined in part by the substrates that ERK phosphorylates. We demonstrate that PEA-15 (phosphoprotein enriched in astrocytes, 15 kDa) targets ERK to RSK2 and thereby enhances RSK2 activation. PEA-15 independently bound ERK and RSK2 and increased ERK association with RSK2 in a concentration-dependent manner. PEA-15 increased RSK2 activity and CREB-mediated transcription, and this process was regulated by phosphorylation of PEA-15. Finally, phorbol ester stimulation of PEA-15-null lymphocytes resulted in impaired RSK2 activation that was rescued by exogenous PEA-15 expression. Therefore, PEA-15 functions as a scaffold to enhance ERK activation of RSK2, and this activity is regulated by phosphorylation. Thus, PEA-15 can integrate signal transduction to provide a specific physiological outcome from activation of the multipotent ERK MAP kinase pathway.
T
he ERK MAPK signaling cascade has been implicated in diverse physiological processes, including differentiation, proliferation, migration, and adhesion (1) . This ability to impact several processes is partly because ERK recognizes an array of substrates both cytoplasmic and nuclear to elicit specific responses. However, how such a multipotent pathway achieves specificity of response is an ongoing problem in understanding ERK function. ERK interaction with scaffolding proteins, regulation of the duration of the ERK signal, and restriction of ERK to specialized subcellular compartments have all been suggested to contribute to this specificity (2) (3) (4) . However, thus far, the mammalian scaffolding proteins for ERK such as KSR are known to act only upstream of ERK to enhance ERK activation without directing ERK to a particular substrate (5, 6) . PEA-15 (phosphoprotein enriched in astrocytes, 15 kDa) is a small death effector domain protein that binds ERK and RSK2 and sequesters them in the cytoplasm (7, 8) . RSK2 is a substrate of ERK and a kinase that can activate transcription, regulate apoptosis, and control cancer cell proliferation (9) (10) (11) . Therefore, we investigated whether PEA-15 influences ERK activation of RSK2. We show that increasing expression of PEA-15 enhances ERK binding to RSK2, ERK phosphorylation of RSK2, and RSK2 activity. Moreover, genetic deletion of PEA-15 substantially abrogates ERK activation of RSK2 in astrocytes and lymphocytes. RSK2 activation can be rescued by ectopic expression of PEA-15 in these cells. Thus, PEA-15 functions as a scaffold to enhance ERK binding and phosphorylation of RSK2. It does not affect the phosphorylation of other ERK substrates, such as stathmin and Mnk1. This work provides a model to understand how scaffold proteins can integrate signal transduction and provide specificity in MAP kinase signaling.
Results

PEA-15 Forms a Complex with ERK and RSK2 and Enhances ERK Binding
to RSK2. PEA-15 binds to ERK1/2 and RSK2 (7, 8, 12, 13) . RSK2 is a substrate of ERK1/2 and, therefore, we investigated whether PEA-15 is present in a complex with both ERK and RSK2. We first tested whether PEA-15 coprecipitates ERK1/2 and RSK2 from cells. Indeed PEA-15 coprecipitated both ERK1/2 and RSK2 (Fig. 1A) . We then determined whether these components existed in a single complex within the cell. We coexpressed all three proteins with fusion tags to allow for immunoprecipitation (FLAG-ERK2, HA-RSK2, and His-PEA-15). We first immunoprecipitated FLAG-ERK2 and then eluted the immune complexes by competing with a FLAG peptide. RSK2 bound to the eluted ERK was then immunoprecipitated. The resultant RSK2/ ERK complex was examined for the presence of PEA-15. PEA-15 was present in the RSK2/ERK complex (Fig. 1B) . Finally, we determined whether endogenous PEA-15 would coprecipitate ERK2 and RSK2. Immunoprecipitation of PEA-15 from astrocytes coprecipitated both RSK2 and ERK2 (Fig. 1C) . Thus, PEA-15, ERK, and RSK2 can exist in a complex in the cell.
Because PEA-15 exists in a complex with both ERK and RSK2, we hypothesized that it may alter ERK activation of RSK2 by acting as a scaffold. Scaffolds enhance signaling by bringing together signaling components. Because a scaffold's effects can depend on the amount of protein expressed in relation to the kinase components (14) , we used a range of expression levels to determine the effect of PEA-15 on ERK binding to RSK2. We first determined whether PEA-15 increased the interaction between ERK and RSK2. We immunoprecipitated FLAG-ERK2 from cells expressing HA-RSK2, FLAG-ERK2, and increasing amounts of His-PEA-15. In the absence of PEA-15, we observed an interaction between ERK and RSK2 supporting previous evidence that ERK and RSK2 exist in a complex within the cell (Fig. 1D) . However, the presence of 50 ng of PEA-15 significantly enhanced the interaction between ERK and RSK2 ( Fig. 1D) . At higher concentrations of PEA-15, we observed a drop in the interaction, suggesting that the formation of the complex is inhibited by overexpression of PEA-15 (Fig. 1D) . Thus, PEA-15 present in the complex in optimal amounts can increase the interaction between ERK and RSK2.
PEA-15 Binds to RSK2 Lacking the ERK-Binding Site and Forms a
Complex with This Mutant and ERK. If PEA-15 acts as a scaffold, it should bind ERK and RSK2 at sites distinct from those that mediate ERK binding to RSK2. Therefore, we examined the ability of purified PEA-15 to influence the binding of ERK to mutant RSK2 lacking the ERK-binding site (RSK2del), compared with binding to control WT RSK2. As expected, GST-ERK2 was able to bind to WT RSK2, and this binding was enhanced by PEA-15 (Fig. 1E) . We also found that deletion of the ERK-binding domain of RSK2 abrogated GST-ERK2 binding (Fig. 1F) as previously reported (15) . GST-ERK2 was able to pull down this RSK2-deletion mutant when purified PEA-15 was added (Fig. 1F ). This finding indicates that PEA-15 binds to ERK and RSK2 through different sites concomitantly and can mediate the formation of an ERK/RSK2/PEA-15 complex in the absence of direct binding of ERK to RSK2.
PEA-15 Enhances ERK-Dependent RSK2 Phosphorylation and Kinase
Activity. ERK phosphorylates RSK2 at multiple sites ( Fig. 2A ) (9) . To determine whether the enhanced association of ERK with RSK2 affected phosphorylation of RSK2, we cotransfected increasing amounts of PEA-15 with ERK and RSK2. We observed increasing phosphorylation of RSK2 to a maximum point of 100 ng of PEA-15, at which the levels began to decrease (Fig.  2B) . Quantitation of phosphorylation at ERK-dependent sites showed an increase in phosphorylation at all sites when an optimal amount of PEA-15 was expressed (Fig. 2C) . However, as the amount of PEA-15 increased, phosphorylation returned to basal levels at some sites (particularly T365, S369, S386, and T577). Moreover, PEA-15 mutants that do not bind ERK (L123R and D74A) (16) do not enhance ERK phosphorylation of RSK2 at threonine 577 ( Fig. 2 D and E) .
Increased ERK-dependent RSK2 phosphorylation may result in increased RSK2 activity. To determine the effects of PEA-15 on kinase activity of RSK2, we carried out in vitro RSK2 kinase assays with increasing amounts of PEA-15. Purified, recombinant PEA-15 was added to the RSK2 kinase assay. The addition of 4 g of PEA-15 protein to the reaction increased the kinase activity of the RSK2 (Fig. 2F) . As the concentration of PEA-15 increased, the kinase activity of the enzyme also increased. Comparable amounts of ERK1/2 and RSK2 were present in the precipitates (Fig. 2F) . We next determined whether ERK phosphorylation of RSK2 was enhanced in the kinase assay samples. Immunoprecipitated HA-RSK2 from EGF-stimulated or unstimulated samples was split into equal aliquots and subjected to the kinase assay as before. The reaction was either immunoblotted to detect ERK-dependent RSK2 phosphorylation or counted to determine S6 substrate phosphorylation. We found that the addition of PEA-15 enhanced RSK2 phosphorylation at the major ERK phosphorylation sites (T365, S369, S386, and T577) (Fig. 2G) . Thus, PEA-15 may act as a scaffold for ERK and RSK2, thereby increasing ERK activation of RSK2.
PEA-15 Enhances RSK2-Dependent Transcription. To determine whether there is a functional result of PEA-15 targeting of ERK to RSK2, we examined the effects of increasing amounts of PEA-15 on RSK2-dependent CREB transcription. We cotransfected constant amounts of ERK and RSK2 with increasing amounts of PEA-15 to study the effect on CREB-mediated transcription. As intracellular PEA-15 concentrations were increased, CREB-mediated signaling increased (Fig. 3A) . However, at higher levels of PEA-15, CREB-mediated transcription was inhibited (Fig. 3A) . Therefore, at specific cellular levels, PEA-15 enhances the interaction between ERK and RSK2 and facilitates the downstream activation of RSK2 by ERK.
If PEA-15 works as a scaffold, the amount of PEA-15 required for peak enhancement of ERK activation of RSK2 will increase as the levels of ERK and RSK2 increase in a cell (14) . Moreover, the point at which PEA-15 begins to act as a dominant negative (when it is presumed to bind only ERK or RSK2 individually and, thus, inhibit ERK access to RSK2) (Fig. 1D ) also would increase. We found that as we express more ERK and RSK2 in a cell, more PEA-15 is required to reach maximum enhancement of ERK activation of RSK2 (Fig. 3B) . The amount of PEA-15 required to act as a dominant negative also is greater, and the level of CREB-mediated transcription is higher. In contrast, PEA-15 blocked ERK activation of ELK1 (Fig. 3C) , whereas it had little effect on CHOP transcription, which is not directly targeted by ERK or RSK2 (Fig. 3D) . The blockade of ERK activation of ELK1 likely results from PEA-15 retention of ERK in the cytoplasm, thereby preventing ERK access to ELK1 in the nucleus (7).
We also tested whether mutants of PEA-15 that were localized to the nucleus (PEA15-I15A) (7) or unable to bind ERK and RSK2 (PEA15-L123R) (8, 16) could enhance activation of CREB transcription. Neither ERK-binding-deficient PEA-15 affected RSK2 activation comparably to WT PEA-15, although they had moderate effects (Fig. 3E) . Indeed, the nuclearlocalized mutant may be enhancing ERK activation of RSK2 in the nucleus. This finding suggests that PEA-15 must be capable of binding ERK and have access to the cytoplasm (where ERK binds RSK2) to substantially enhance RSK2 activation of CREB. Therefore, PEA-15 behaves as predicted for a scaffold to direct ERK activation of RSK2.
PEA-15 is phosphorylated at Ser-104 and Ser-116 by PKC and CamKII or AKT, respectively (17) . Phosphorylation of these serines regulates PEA-15 binding to ERK and FADD (18) . Therefore, we investigated whether phosphorylation of PEA-15 at these serines alters its ability to enhance ERK activation of RSK2. We expressed increasing amounts of PEA-15 mutants that contain aspartic acid or glutamic acid substitutions at these serines and examined CREB transcription. We found that PEA-15-containing mutations that mimic phosphorylation at either serine 104 or both serines (19) failed to enhance RSK2 activation of CREB (Fig. 3F) . Indeed, these mutants were effective at blocking CREB activation even at low concentrations. This finding may result from sequestering ERK or RSK2 in unproductive complexes. Therefore, the scaffold function of PEA-15 may be regulated by phosphorylation. , 500, or 1,000 ng of PEA-15 plasmid and 250, 500, and 1,000 ng of ERK2 and RSK2; along with the CREB luciferase reporter. Cells were stimulated with EGF (10 ng/ml) for 60 min, and luciferase activity was determined. (C) Cos-7 cells were transfected with PEA-15 as described earlier, along with 250 ng of ERK2 and RSK2 and the ELK-1 luciferase reporter. Cells were stimulated with EGF for 60 min, and luciferase activity was determined. (D) Cos-7 cells were transfected with PEA-15 as described earlier, along with 250 ng of ERK2 and RSK2 and the CHOP luciferase reporter. Cells were stimulated with EGF for 60 min, and luciferase activity was determined. (E) Cos-7 cells were transfected with WT PEA-15, the ERK/RSK2-binding defective mutant (L123R), or the nuclearlocalized mutant (I15A) in increasing amounts as described earlier, along with 500 ng of ERK2 and RSK2 and the CREB luciferase reporter. Cells were stimulated with EGF for 60 min, and luciferase activity was determined. (F) Cos-7 cells were transfected with WT PEA-15, a phospho-Ser-104 mimic (S104D), or a mutant that mimics phosphorylation at both Ser-104 and Ser-116 (SSEE) in increasing amounts as in B, along with 500 ng of ERK2 and RSK2 and the CREB luciferase reporter. Cells were stimulated with EGF for 60 min, and luciferase activity was determined. In all experiments, equal amounts of protein were used to obtain absolute readings. These values were normalized to that of 0 PEA-15. Each experiment was done in triplicate and is representative of at least three independent experiments. Error bars represent the SEM of triplicate values.
PEA-15 Is Required for Normal RSK2 Activation in Vivo.
We next investigated whether genetic deletion of PEA-15 alters RSK2 activity in vivo by using primary cells from WT and PEA-15 KO mice. PEA-15 is expressed in lymphocytes (data not shown), and previous work has shown that PMA activates RSK2 in lymphocytes (20) . We examined whether PEA-15-null lymphocytes had deficient RSK2 activation. Lymphocytes from WT and PEA-15 KO mice were stimulated with PMA. In WT lymphocytes, RSK2 activation reached a peak at 5 min (Fig. 4A, WT) . In PEA-15 KO lymphocytes, RSK2 activation was diminished in response to PMA, although activation of ERK remained unaffected (Fig. 4A, KO) . To determine whether the lack of PEA-15 was responsible for the decrease in RSK2 activation in these cells, we expressed exogenous PEA-15 in null lymphocytes by using a lentiviral vector-expressing GFPtagged PEA-15. Reexpression of PEA-15 in the PEA-15 KO lymphocytes rescued the activation of RSK2 (Fig. 4B, KO) . A primary result of the PMA activation of lymphocytes is proliferation. We examined whether proliferation was altered in the PEA-15 KO cells where RSK2 activity is diminished. We found that, indeed, PEA-15 KO cells proliferated significantly more than control WT littermate cells (Fig. 4C) . Finally, PEA-15 expression levels in PMA stimulated lymphocytes were similar (Fig. 4D) .
To determine whether PEA-15 is required for full activation of RSK2 in other cells types, we examined RSK2 activation in astrocytes. Both RSK2 and PEA-15 are highly expressed in astrocytes, and RSK2 is activated in astrocytes by endothelin 1 (ET-1) (21). We found that RSK2 activation was reduced in PEA-15-null astrocytes (Fig. 4E) and that we could partially rescue this outcome by exogenously expressing PEA-15 (Fig.  4F) . Although the rescue is not complete, this finding may be explained by the low expression level of exogenous PEA-15, compared with the endogenous PEA-15 levels in WT astrocytes (Fig. 4F) . These results suggest that PEA-15 is a scaffold that enhances ERK activation of RSK2 in vivo.
PEA-15 Directs ERK Signaling Specifically to RSK2. Finally, we investigated whether PEA-15 expression affected the activation of other ERK substrates. ERK phosphorylation of MNK and stathmin was determined by using phosphospecific antibodies in PMA-stimulated PEA-15 KO lymphocytes. Phosphorylation of MNK and stathmin was not reduced in the PEA-15-null cells (Fig. 5) . Therefore, PEA-15 does not enhance ERK phosphorylation of its substrates in general, but rather appears to specifically enhance ERK activation of RSK2.
Discussion
Astrocytes and lymphocytes express high levels of PEA-15 protein. We propose that, in these cells and others expressing PEA-15, ERK activation would lead to significant activation of RSK2 as a result of PEA-15 targeting a portion of the activated ERK to RSK2 (Fig. 5C) . Furthermore, phosphorylation of these Cells were lysed and analyzed by immunoblot for PEA-15 expression levels. (E) Astrocytes cultured from WT or PEA-15-null mice were stimulated with 100 ng/ml endothelin-1 for the indicated times. Cells were lysed, and equal amounts of protein were analyzed for pRSK2 (S386) and total RSK2. (F) Cultured astrocytes were transfected with 750 ng of PEA-15. Cells were stimulated with ET-1 for 10 min. Cell lysates were immunoblotted to detect pRSK2 (S386), total RSK2, and PEA-15. Spot densitometry is shown and is corrected for the amount of protein on the blot. proteins might affect the formation of the PEA15/ERK/RSK2 complex. Here we found that PEA-15 mutants that mimic phosphorylation at serine 104 were unable to enhance RSK2 activity. PKC and AKT have been reported to phosphorylate PEA-15 at serine 104 (17, 22, 23) . Thus, activation of these kinases may regulate PEA-15 binding to ERK and RSK2 and thereby promote or inhibit their productive interaction. In this way, PEA-15 may provide a point of integration of these pathways with the ERK MAP kinase pathway.
We previously reported that PEA-15 binds RSK2 and that overexpression of PEA-15 blocks RSK2 activation and localizes RSK2 to the cytoplasm (8) . We now demonstrate that, at lower PEA-15 expression levels, there is increased RSK2 activity by all measures and PEA-15 acts as a scaffold. Overexpression of the MEK/ERK scaffold, KSR, similarly impairs MEK activation of ERK (6, (24) (25) (26) . KSR does so by combinatorial inhibition, where at high protein concentrations it binds MEK and ERK independently and thus separates them, whereas at low concentrations it brings them together (14, 27) . PEA-15 may act similarly for ERK and RSK2. In agreement with this hypothesis, high expression levels of PEA-15 inhibit ERK binding to RSK2 (Fig. 1D) and subsequent RSK2 activation of CREB (Fig. 3) . However, to fully test this finding requires further determination of the protein levels and binding constants involved. Alternatively, the effects of high PEA-15 levels on transcription may be the result of PEA-15 retention of active RSK2 in the cytoplasm (8) . However, this finding does not account for the inhibition of ERK binding to RSK2 at high PEA-15 levels. Further work is needed to determine whether PEA-15 can influence endogenous ERK signaling by combinatorial inhibition.
The involvement of MAPKs in many physiological processes makes it important to understand how extracellular signals are interpreted by these kinases to generate a unique response. Signal duration, signal strength, and substrate expression have all been proposed as methods by which ERK activity could be biased to one physiological outcome versus another. Our work suggests an additional mechanism by which ERK signaling is targeted to a subset of substrates and thereby leads to a specific physiological outcome. The presence of scaffold molecules for other substrates of ERK would enable the cell to obtain a specific physiological response from the activation of a multipotent pathway. Therefore, this work may have broad implications for determining the targeting of MAP kinases in general and the ERK MAP kinase in particular.
Materials and Methods
Reagents and Cell Culture. Cos-7 and HeLa cells were cultured in DMEM containing 10% FBS and antibiotics. All transfections were carried out by using Lipofectamine Plus (for Cos-7 cells and astrocytes; Invitrogen) or Polyfect (for HeLa cells; Qiagen) according to the manufacturers' protocols. Transfection efficiency for Cos-7 and HeLa cells was Ͼ80%, and increasing plasmid concentration led to increased protein expression in individual cells as determined by flow cytometry on GFPtransfected cells. FLAG-ERK2 was a gift from M. Weber (University of Virginia, Charlottesville, VA). pMT2-HA RSK2 was a gift from C. Bjorbaek (Harvard Medical School, Boston, MA). Generation of pcDNA3His-PEA-15 was described previously (8) . Antibodies to PEA-15, phosphostathmin, and stathmin were a gift from H. Chneiweiss (College de France, Paris, France). Antibodies to RSK2, ERK1/2, MNK, and phospho-ERK were from Santa Cruz Biotechnology. Antibodies to phospho-RSK (for Ser-386 and Thr-577), phospho-MNK, and the HA tag were from Cell Signaling Technologies, and phospho-RSK Thr-365 and Ser-369 were from Upstate Biotechnology. Anti-mouse Lamin B2 antibodies were from Zymed Laboratories . Antibody to tubulin was a gift from S.-C. Hsu (Rutgers University).
immunoblotted for phospho-RSK2 (Ser 386, T577, Ser-369, and Thr-365) and RSK2.
Transcription Assays. Transcription assays for RSK2 were carried out by using the Stratagene Pathdetect kit specific for CREBmediated transcription as described (8) . Cos-7 cells were cotransfected with 250 ng of pFR-Luc, 50 ng of pFA2-CREB, 100 ng each of pMT2HA-RSK2 and pCMV-ERK2, and 0, 25, 75, 250, or 500 ng of pcDNA3HA-PEA-15. DNA amounts were equalized to 1 g per 35-mm well with empty vector. Luciferase readings were obtained with the Promega assay kit according to the manufacturer's protocol.
Exogenous Expression of PEA-15 in Lymphocytes. Lentiviral GFPtagged PEA-15 was constructed and produced according to the manufacturer's protocol by using the Lentiviral Directional TOPO expression kit (Invitrogen). Briefly, GFP/PEA-15 cDNA was amplified and introduced into the pLenti6/V5DTOPO vector. For virus production, pLentiGFP-PEA vector was transfected into 293FT cells together with the packaging plasmids. Viral titer was evaluated on HT1080 cells and ranged between 0.8 and 2 ϫ 10 7 transduction units per milliliter. For lymphocyte infection, freshly isolated splenocytes were first stimulated with 0.5 and 2 g/ml CD3/CD28, respectively, for 48 h and then transduced by one cycle of 12-h exposure to the viral supernatant at 37°C and 5% CO 2 . After transduction, cells were washed and cultured for 96 h in media containing CD3/CD28 antibodies. Transduction efficiency was assessed by flow cytometry for EGFP fluorescence, and PEA-15 expression was analyzed by Western blot analysis. EGFP/PEA-15-expressing cells were stimulated with 10 g/ml PMA for 5 min and lysed for detection of RSK(T577) and total RSK protein.
Proliferation Assay. WT and KO thymocytes (2 ϫ 10 5 cells per 200 l complete RPMI cultured in triplicates in a 96-well plate) were stimulated with 10 ng/ml PMA and 0.5 g/ml ionomycin for 48 h, followed by addition of 1 Ci of tritiated thymidine per well for 18 h. Cells were harvested and subjected to TCA precipitation with 600 l of 5% TCA (cold) for 30 min at 4°C. The TCA precipitated samples were then transferred to glass fiber filter discs (GF-B; Whatman) on a vacuum aspirator flask and washed with 5 ml each of 5% TCA and 70% ethanol. The filter discs were transferred to scintillation vials, Scintiverse scintillation mixture was added, and incorporated thymidine was measured on a Beckman Coulter liquid scintillation counter.
